Purpose -This paper aims to describe the control software of a novel manufacturing system called plasma-assisted bio-extrusion system (PABS), designed to produce complex multi-material and functionally graded scaffolds for tissue engineering applications. This fabrication system combines multiple pressure-assisted and screw-assisted printing heads and plasma jets. Control software allows the users to create single or multi-material constructs with uniform pore size or pore size gradients by changing the operation parameters, such as geometric parameters, lay-down pattern, filament distance, feed rate and layer thickness, and to produce functional graded scaffolds with different layer-by-layer coating/surface modification strategies by using the plasma modification system. Design/methodology/approach -MATLAB GUI is used to develop the software, including the design of the user interface and the implementation of all mathematical programing for both multi-extrusion and plasma modification systems. Findings -Based on the user definition, G programing codes are generated, enabling full integration and synchronization with the hardware of PABS. Single, multi-material and functionally graded scaffolds can be obtained by manipulating different materials, scaffold designs and processing parameters. The software is easy to use, allowing the efficient control of the PABS even for the fabrication of complex scaffolds. Originality/value -This paper introduces a novel additive manufacturing system for tissue engineering applications describing in detail the software developed to control the system. This new fabrication system represents a step forward regarding the current state-of-the-art technology in the field of biomanufacturing, enabling the design and fabrication of more effective scaffolds matching the mechanical and surface characteristics of the surrounding tissue and enabling the incorporation of high number of cells uniformly distributed and the introduction of multiple cell types with positional specificity.
Introduction
Additive manufacturing is a relatively new technology that creates three-dimensional (3D) structures joining material layer-by-layer (Gonzalez et al., 2016; Gao et al., 2015) . This technology was developed during the 1980s as rapid prototyping processes, primarily for the fabrication of aesthetic models or for form and fit assessments. Developments in terms of materials and process optimization allowed the use of this technology for rapid tooling applications (direct or indirect fabrication of tools/ molds) and rapid manufacturing of functional parts (Brooks and Brigden, 2016; Martinho et al., 2009) . Additive manufacturing processes are also being used together with topological optimization tools to produce complex-shape and light weight structures for automotive, aerospace and civil engineering applications (Joshi and Sheikh, 2015; Bos et al., 2016) . Depending on the applications, additive manufacturing has been used to process a wide range of materials such as metals, polymers, ceramics, composites and concrete (Pereira et al., 2013a (Pereira et al., , 2013b Gonçalves et al., 2014; Frazier, 2014) .
Additive manufacturing is also being explored for medical applications, to produce permanent metallic implants (e.g. titanium or stainless steel bone fixation implants), by using powder-bed fusion processes (electron beam melting or laser melting processes), hearing aids by using vat photopolymerization techniques and scaffolds with or without cells for tissue engineering applications mainly using extrusionbased systems (Atzeni and Salmi, 2015; Melchels et al., 2012) .
Scaffolds are critical structures for tissue engineering applications. They act as physical substrates to allow cell adhesion, proliferation and differentiation, promoting the formation of a new tissue. They are produced using biocompatible and biodegradable materials (natural and synthetic polymers, ceramics and composites -Section 1.1) with specific level of porosity, pore shape, pore size, which depend on the tissue application, and pore interconnectivity.
1.1 Materials commonly used to produce biodegradable scaffolds 1 Synthetic polymers:
Poly(lactic acid), poly(glycolic acid), (lactic-coglycolide) and poly(« -caprolactone) (PCL). 2 Natural polymers:
Collagen, proteoglycans, alginate-based substrate and chitosan. 3 Ceramic materials:
Hydroxyapatite, b -tricalcium phosphate, calcium phosphates, magnesium phosphates and bioglasses. Scaffolds must have a controlled degradation rate that must match the regeneration rate of new tissue, proper mechanical properties and surface characteristics (Almeida and Bartolo, 2014; Khoda et al., 2011; Dhandayuthapani et al., 2011) .
Several systems were specifically developed to produce scaffolds for tissue engineering applications. Examples include machines being developed by RegenHU (Switzerland), Envisiontec (Switzerland), Organovo (USA), Cyfuse Biomedical (Japan), BioBots (USA), 3D Bioprinting Solutions (Russia), Rokit (South Korea) and Aspect Biosystems (Canada) (examples are provided in Figure 1) . A significant number of these systems are limited to the fabrication of single-material scaffolds, which may not be fully chemically compatible with cells. For multimaterial systems, most of the machines operate with multiple hydrogels (soft polymers), except Envisiontec, which allows to combine soft and hard materials. Moreover, available additive manufacturing processes are not able to produce scaffolds providing adequate chemical, physical and biological cues for cell growth in a tunable and effective way (Bártolo et al., 2009; Pereira and Bártolo, 2015) . As cells are sensitive to the surface characteristics of scaffolds (chemical and topographical properties), surface modification techniques such as cold plasma deposition, etching and grafting processes, can be used for tailoring the morphology and surface properties of scaffolds, thus improving and controlling the interactions with cells (Domingos et al., 2013; Jacobs et al., 2013) . However, these treatments are performed in separated systems by increasing the fabrication time, manual handling and costs. This paper introduces a novel fabrication system to solve this problem. The system called plasma-assisted bio-extrusion system combines multiple printing heads and plasma jet operating with different gases to created multi-material scaffolds with controlled surface properties. The system requires a complex control software to manipulate different materials, scaffold designs and processing parameters. This software provides high design freedom, allowing to control geometric and process parameters such as lay-down pattern, filament distance, feed rate and layer thickness, as well as plasmarelated parameter. The software developed to control the PABS system is described in detail in this paper, and examples illustrating the use of the software to produce different scaffolds are provided.
Plasma-assisted bio-extrusion system
PABS is a hybrid system (Figure 2 ) combining multi-extrusion and plasma jetting to process a great variety of biomaterials, from hydrogels (with or without cells) to hard-processed polymers and polymer composites. It enables to design and fabricate more effective scaffolds with specific surface properties (e.g. multi-material scaffolds with zonal regions containing different surface properties) and the incorporation of high number of cells, more uniformly distributed, and the introduction of multiple cell types with positional specificity. Table I shows the technical specification of PABS system.
The PABS hardware consists of two identical x-y plane linear motion systems and one z-axis build platform mounted on the same table, enabling multi-material dispensing and plasma modification in a sequential mode. Therefore, the plasma surface modification operation can be conducted either during or after the fabrication process, meaning that properties, such as chemical signaling, wettability, surface roughness and energy, can be modified in each layer at specific positions. The advantages of integrating the plasma process are the absence of solvents and the reduced amount of chemical reagents utilized and their intrinsic sterility due to the presence of highly energetic species (Khorasani et al., 2008; Jacobs et al., 2012; Cheng et al., 2013; de Valence et al., 2013) .
User interface setup

User interface layout
The user interface was developed using MATLAB GUI, allowing users to design multi-material multi-pattern scaffolds with cylindrical and cubic shapes, automatically generating the corresponding G codes to control the machine. The layout of the user interface is shown in allows the users to define processing parameters for the extrusion system, such as geometric parameters, position on the build platform, lay-down pattern, filament distance, feed rate, layer thickness and material. A solid or hollow scaffold structure can be filled with zigzag or parallel tool paths with set parameters. 3 Plasma parameter setting area: It allows the users to choose the processing gas and define the processing area for the plasma modification system, including geometric parameters, position on the build platform and feed rate. Lay-down pattern is all pre-defined in the programing part by filling the processing area with zigzag tool path. 4 Display area: Specified tool paths and lay-down patterns can be visualized in this area.
Once the users specify all geometric and process parameters, the boundaries of each primitive are determined, subroutines for the scanning tool paths generated and an output is saved in a text format. Figure 5 illustrates the structure of the program.
Tool path generation
Two types of tool path are considered: zigzag and parallel ( Figure 6 ). After the definition of the lay-down pattern parameters, the system automatically calculates the intersection points between a scanning line and the boundaries of a twodimensional cross-section.
As illustrated in Figure 6 , for a single material model, scanning lines P1-P4 and P5-P8 intersect the outer boundary at points P2, P3 and P6, P7. The tool path for a zigzag pattern is P2-P3-P7-P6. For a parallel pattern, the extrusion unit follows a scanning line P2-P3, and then the pressure turns off. After the building platform moves down and quickly travels to point P6, and the material deposition proceeds from P6 to P7.
For a horizontal multi-material scaffold, the inner primitives are printed in the sequence of "primitive no." by using the same algorithm as the single material scaffold before printing the outside part for each layer. As shown in Figure 7 , after printing the filament for the tool path P1-P2-P3, a SKIP process is applied between P3 and P4. Afterwards, the external part is defined by printing from P4-P5.
The external part is printed as shown in Figure 8 , which specifies the intersection points between scanning lines and the external boundary and all the nested loops. For each of the two P9-P8, while for the parallel path, the sequence is P2-P3-SKIP-P4-P5-SKIP-P8-P9-SKIP-P10-P11. SKIP means that the extrusion units will switch off and deposit no material between two specific points. During this stage, the building platform moves down a safety distance (initial setting: 20 mm) and moves back when the extrusion unit reaches the new starting point. Figure 9 shows the front cross-section view of the SKIP process. A similar algorithm is used for a vertical multi-material scaffold. The only difference is that parameters such as material type, scaffold architecture and shape can change along the vertical direction.
Nozzle diameter offset
When the extrusion unit deposits new materials intersecting with previous printed ones [ Figure 10 (a)], the offset of filament diameter needs to be considered to avoid material overlapping. As illustrated in Figure 10 (b), both the arc CD (diameter = D) and the inner tool path EF belong to the Inner primitive I, and the outside tool path AB belongs to the Outside primitive G. The filament diameters for the Inner primitive I and Outside primitive G are d1 and d2. The algorithm for printing at the intersect section comprises the following steps:
First, the circle contour is deposited along CD with filament diameter d 1 .
The intersect point between the inner tool path EF and the contour CD can be calculated using line-circle intersection algorithm, whereas the circle diameter requires an offset, which is (D À 2d 1 ) along arc C"D", as shown in Figure 10 (b). The intersection point is E.
The intersect point between the outside tool path AB and the contour CD can be calculated using the line-circle intersection algorithm, whereas the circle diameter requires an offset, which is [D1 (d 1 1 d 2 ) ] along arc C'D', as shown in Figure 10(b) . The intersection point is B. Figure 11 schematically represents the extrusion unit, which is driven by a stepper motor. It comprises three extruders, located with the same interval of 120°. Depending on the material selection, the corresponding extruder rotates to be positioned at the printing position. Extruder 1 is set to be in the starting position with an angle of 0°. Depending on the materials being printed, the extruder movements are:
Material selection
Extruder 1: Extruder unit rotates to the set position of angle 0°. This rotational system containing two pressure-assisted extruders and one screw-assisted extruder is unique. The screw-assisted head is based on one of the author's patent, which is now being used by Regenhu (Almeida et al., 2010) .
3.5 Plasma jet gas selection and tool path offset The plasma unit comprises an atmospheric plasma jet system with three gas (air, NH 3 and CO 2 ) inlets mounted to the X-Y moving system. Figure 12 shows the schematic set up of the plasma jet. The selection of the gas is controlled using a gas solenoid valve so that users can change the processing gas manually. This design of the plasma jet also allows for the mixture of different gases.
The plasma will be generated between the high voltage (HV) copper film and the ground copper film, expanding to the surrounding air outside the nozzle. The diameter of the plasma jet will be varied by changing the supplied voltage and the flow of the gas. To achieve a comprehensive surface treatment in the specific area, the offset of the plasma jet diameter is defined using the same strategies, as explained in Section 3.3.
Deposition principle and algorithms
The software was developed to allow users to create scaffolds with external or internal circular or cubic geometries. Therefore, two types of intersections can be considered: lineline and line-circle intersections. This section describes the procedure for calculating these intersection points.
Line-line intersection
Consider two lines identified as Line a and Line b. Line a is defined by P1 and P2, and line b by P3 and P4; m a and m b are parametric co-ordinates varying from 0 to 1. These two lines can be written in parametric forms as follows: 
As the intersection point of the two lines has the same x, y coordinates, i.e. P a = P b , equations (1) and (2) can be transformed into:
The two unknown parametric co-ordinates u a and u b can be calculated by solving equations (3) and (4):
The values The coordinates of the intersection point P5 can be calculated by substituting equation (5) [or equation (6)] into equation (1) [or equation (2)], according to the following equations:
Line-circle intersection
There are three conditions for the intersection between a line and a circle: no intersection point; intersection at one point; and intersection at two points ( Figure 14) . The equation for a circle entity centered at P C (x c , y c ) with radius r is given by:
In the case of intersection at two points, P 3 (x 3 , y 3 ) and P 4 (x 4 , y 4 ) [Figure 14(c) ], the equations for the intersection points coordinates can be derived from equation (1) as follows:
Substituting equations (10) and (11) into equation (9), a quadratic equation can be derived:
where:
The solution to this quadratic equation is given by:
where S = b 2 À 4 · a · c If S < 0, then the line does not intersect the circle [ Figure 14(a) ]. If S = 0, the line P 1 P 2 is tangent to the circle and intersects it at one point [Figure 14(b) ], where u 3 = Àb/2a. The coordinates of the intersection point P 3 is given by: Figure 16 Flowcharts for multi-material scaffolds with/without plasma modification
If S > 0, the line intersects the circle at two points P 3 and P 4 .
4.3 Fabrication flowchart Figures 15 and 16 describe the flowchart information required to produce scaffolds with different geometric parameters, laydown pattern, filament distance, feed rate, layer thickness and plasma parameters. From these figures, it is possible to observe that the PABS system can be used to produce two main types of scaffolds: 1 single-material scaffolds with/without plasma modification ( Figure 15) ; and 2 multi-material scaffolds with/without plasma modification (Figure 16 ).
Examples
The control software previously described gives high flexibility in terms of geometries to be build and material combinations. Single-material single-pattern scaffolds are the simplest and widely used type of scaffolds. The geometric shapes can be cylinder and cubic structures with user-defined dimensions. 
Conclusions
The PABS's control software described in this paper provides high freedom of design, allowing the users to create single or multi-material constructs with uniform pore size or pore size gradients by changing process parameters, such as lay-down pattern, filament distance, feed rate and layer thickness. Functionally graded scaffolds can be designed considering different layer-by-layer coating/surface modification strategies by using the jet plasma system. Based on the user definition, G programing codes are generated, enabling full integration and synchronization with the hardware of the PABS system. 
